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Abstract 
Rock bolts are widely used to strengthen and support rock walls and tunnels in mining and civil 
engineering. A typical rock bolt system comprises of a steel bolt installed in a drill hole encapsulated by 
cement or resin grout. Debonding and/or failure of the system usually occurs at the bolt-grout interface. 
According to literature there appears to be limited research and experimental data on pull-out load testing 
of rock bolts, encapsulated by different water-grout ratios. Furthermore, there is also limited research 
and data on the influence of different curing times on different water-grout ratios, and its influence on 
the pull-out load of rock bolt systems. This project is intended to address the above-mentioned gaps in 
the literature by contributing data to the field of rock bolt systems. 
Experimental samples were designed to simulate the real-world rock bolt system. This was achieved by 
using a steel pipe, steel rebar, and Stratabinder HS grout. Twelve variations formed from a matrix of 
water-grout ratios and curing time were investigated as part of this thesis, with three repeats per 
condition. Samples were cured under dry conditions to simulate real-world, worst case conditions. Pull-
out testing was conducted on each sample using a tensile testing machine at a rate of 1 mm/min. A 
smaller sample set of Uniaxial Compression Strength (UCS) tests were also conducted on grout cubes. 
The data collected as part of this thesis includes pull-out and compressive loads, displacement, time, and 
photographs of the test samples.  
Results from the pull-out tests show a clear distinction between the different water-grout ratios. As 
expected, samples with a higher water content have a reduced ultimate load. An unexpected outcome is 
the low influence of curing time on pull-out loads. The difference in ultimate load at different curing 
times is however not significant. Another interesting finding is in the photographic documentation of 
the test samples. At day 7, there were no visible microfractures in the samples prior to testing. 
Conversely, samples that were cured for longer showed surface microfractures prior to testing. 
In conclusion, the testing method developed and used in this thesis produced quality data on rock bolt 
systems. Furthermore, this study determined that shrinkage of the grout created microfractures, which 
in turn reduced the strength of the rock bolt system, thereby reducing the influence of curing time on 
pull-out load of rock bolts. As future work, it is recommended that further testing ne carried out to 
confirm this proposition.  
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Chapter 1. Introduction 
This dissertation will examine the influence of water-grout ratio and curing time on pull-out load of rock 
bolt systems. Chapter 1 of this dissertation will examine the problem being explored and the associated 
research objectives. 
 
1.1 The Problem 
According to literature (refer to Chapter 2), there appears to be limited research and experimental data 
on the pull-out load of rock bolts, embedded in different water-cement ratios. Furthermore, there is also 
limited research and data on the influence of different curing times on different water-cement ratios, and 
its influence on the pull-out load of rock bolt systems. While there is a lot of research conducted on the 
bonding of cement to rebar, particularly in the field of construction, there appears to be limited research 
on rock bolt systems. This project will address the above-mentioned gaps in literature by contributing 
data to the field of rock bolt systems, particularly the influence of water-cement ratios and curing times 
on the pull-out load of rock bolt systems. 
 
1.2 Research Objectives 
The primary objective of this project it to investigate the influence of different water-cement ratios, and 
different curing times on the pull-out load of rock bolt systems. Therefore, to fulfil this objective the 
following tasks have been carried out: 
• Carry out a comprehensive literature review 
• Conduct a series of experiments exploring the effects of water-grout ratios on the pull-out 
load of rock bolt systems 
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• Conduct a series of experiments exploring the effects of curing time on the pull-out load of 
rock bolt systems  
 3 
Chapter 2. Literature Review 
2.1 Background 
2.1.1 Basic Geotechnical Concepts of Tunnelling 
Rock bolt systems have advanced rapidly in the past four decades primarily due to a better understanding 
of load transfer mechanisms and advances made in the bolt system technology (Cao et al., 2012). 
Research has shown that all tunnelling and underground mining operations use the same geotechnical 
concepts (Galvin, 2016), which is based on the fact that the gradual removal of rock to form an 
underground excavation will cause a decrease in the load bearing capacity of the surrounding rock mass 
(Galvin, 2016). The removal of earth and rock also creates a void for displaced rock to move into the 
excavated cavity (Galvin, 2016).  
A structure is consider to be in equilibrium when the sum of all forces equal zero and the primary 
objective of mine design is to restore equilibrium while removing rock mass (Galvin, 2016). When the 
site is unexcavated, horizontal and vertical force lines move though the site parallel to each other 
(Galvin, 2016). An excavated tunnel causes the force lines to deviate around the tunnel, this creates an 
area without external force, this is highlighted in yellow in Figure 1 (Galvin, 2016). The location of the 
stress relieved zone depends on the width and height of the excavation. Relieving these areas of external 
forces subjects the area to its own self weight (Galvin, 2016). This in turn increases the tensile load in 
these areas which is known to be considerably lower in relation to its compressive load (Galvin, 2016). 




understanding is demonstrated Figure 3, which is a photograph depicting a water supply tunnel that was 
built in 530 BC in the Greek island of Samos (Hoek, 2007).  
 
Figure 3: A water supply tunnel built in 530 BC in the Greek islands of Samos. Nation Technical 
University of Athens cited by (Hoek, 2007). 
 
2.1.4 The Use of Rock Bolts in Australia 
In Australia rock bolts were first trailed at the Greta Seam coal mines in Elrington back in 1949 (Gardiner 
cited in (Galvin, 2016)). These trials complimented the then standard timber cross supports and columns 
(Galvin, 2016). Figure 4 shows tunnelling before and after the first rock bolt trial in Australia. In Figure 
4a, bowed and buckled timber supports can be seen whereas in Figure 4b fewer timber supports are used 
and there is less deformation in the beams and columns. After this trial rock bolts were progressively 
introduced to New South Wales coal mining, however it took another 25 years for miners to accept the 
removal of the timber supports (Galvin, 2016). 
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Figure 4: Change in timber support conditions. Figure 4a Shows the bowed and buckled timber 
support before rock bolt trial, Figure 4b shows timber supports after rock bolt trial (Galvin, 2016). 
 
The Snowy Hydro Scheme was carried out by the Snowy Mountains Hydro-Electric Authority 
(SMHEA) in the 1950s and 1960s (OEHNSWG, 2016). This project required extensive tunnelling in 
hard rock (OEHNSWG, 2016). Rock bolts existed before this project, however they were mainly used 
to compliment tunnel support beams and columns which was the state-of-the-art of that time (Galvin, 
2016). The Engineering Laboratories of Scientific Service Division of the SMHEA developed 
mechanical rock bolts, non-shrinking grout and rock bolt testing methods and bolting patterns 
(OEHNSWG, 2016). Their research paved the way for a new support system for mining and tunnelling 
operations, which could be used without extra structural support (OEHNSWG, 2016). 
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SMHEA were the first to develop the mechanically anchored rock bolt system (Meacham 2007 cited in 
(Kömürlü, 2016)). Mechanical rock bolts include a device at the end of the bolt that expands and anchors 
onto the stable rock behind the strata. Mechanical rocks are discussed further in Section 2.3.2.  
Another first by SMHEA was the development of non-shrinking grout. The reduction of grout shrinkage 
improved load transfer between the rock and the bolt over the entirety of the bolt length. It also helped 
ensure the entire bolt is covered by grout which protects the bolt from environmental impacts such as 
corrosion (OEHNSWG, 2016). 
The rock bolt development site was declared a National Engineering Heritage Landmark by Engineers 
Australia in 2009 (OEHNSWG, 2016). At this sight there is evidence of pull-out tests which were 
conducted to obtain data on anchorage strength as seen in Figure 5 (OEHNSWG, 2016). It was at this 
location that SMHEA were able to conduct rigours testing in the lab and on-site. 
 
 
Figure 5: SMHEA rock bolt development site (OEHNSWG, 2016). 
 
It has been estimated that SMHEA used one-eighth of the steel when compared to conventional methods 
(OEHNSWG, 2016). This approached helped save both time and money (OEHNSWG, 2016). An 
additional time saver was the fact that rock bolts needed to be installed immediately after each advance 
of tunnel excavation (OEHNSWG, 2016). Here, drilling to install rock bolts occurred at the same time 
as drilling to lay explosive charges (OEHNSWG, 2016). 
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The progress in rock bolt technology made by SMHEA enabled tunnelling projects to increase safety, 
and also boost time and cost efficiencies (OEHNSWG, 2016). It is important to note that the research 
undertaken by SMHEA enabled many other tunnelling projects across the world to become viable 
projects (OEHNSWG, 2016). 
 
2.1.5 Rock Bolts and the Reduction of Mineral Resources 
As easy access to mineral resources such as coal, copper, iron ore etc. are decreasing, mining companies 
are searching deeper underground to meet consumer needs. As a result of deeper mines the stresses in 
the mine structures have increased, which in turn has increased the need for a robust support system 
(Thenevin et al., 2017). For example, the longwall geometry found in coal mines combined with 
increasingly challenging geological conditions had meant that strata stabilisation must withstand higher 
loads than ever before (Galvin, 2016). The increase in mineral resource demand, coupled with increased 
stresses within the mine structures due to deeper excavation has seen an increased use of rock bolts in 
the last twenty years, particularly in the coal mining industry. 
 
2.2 Rock Bolt Systems 
Rock bolt systems consist of four components as seen in Figure 6 (Thompson et al., 2012, Cao et al., 
2012). These four components include the rock, the rock bolt (which is depicted as the element in Figure 
6), the resin, grout or cement (internal fixture), and the face plate and nut (external fixture) (Thompson 
et al., 2012). The efficiency of the rock bolt system is depended on the properties of the grout, profile of 
the rock bolt, hole diameter, rock bolt diameter, anchorage length, rock material, confinement pressure 
and installation procedures (Cao et al., 2012). 






Figure 9: Different failure modes of cable bolts (Hutchinson and Diederichs, 1996) cited in (Hagan P, 
2015)). 
 
Many studies have been conducted pulling steel reinforcement bar out of concrete columns (without 
grouting materials)(Lutz, 1970, Cao et al., 2012). Studies have shown that there are three components 
of bond between a bolt and concrete (Lutz, 1970, Cao et al., 2012, Benmokrane et al., 1995, Yazici and 
Kaiser, 1992), these include 
• Chemical Adhesion 
• Friction, and 
• Mechanical interaction between concrete and steel. 
These forms of bond cause a combination of complex stress concentrations along the concrete and 
rebar interface during failure (Lutz, 1970, Cao et al., 2012). During failure two types of cracks occur 
during pull out testing (see Figure 10) (Cao et al., 2012) The first form of cracking is a cone-shaped 
crack that starts at the rebar-concrete interface (Cao et al., 2012, Tepfers, 1979, Tepfers, 1973). This 
may also be referred to as a radial crack due to the ring like shape it creates when viewed from the 
circular cross section of the column. The second form of cracking is a splitting crack that begins at 
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the rebar-concrete interface (Cao et al., 2012, Tepfers, 1979, Tepfers, 1973). This may be referred to 
as transversal cracking due to its transversal direction from the rebar when seen from the circular 
cross section of the cylindrical sample. 
 
Figure 10. Different forms of cracking during a pull out test on a concrete column (Cao et al., 2012). 
 
2.3 Rock Bolts  
2.3.1 Rock Bolt Materials 
Fibre Composite Rock Bolts 
Fibre composite rock bolts can also be referred to as fibre-reinforced plastics (Borgmeier, 2014). They 
are named after the woven fibres used during the manufacture process as shown in Figure 11. They can 
be made from different types of fibres such as basalt or carbon, however the most commonly used 
material in rock bolts is glass fibre (Borgmeier, 2014). There are many subcategories of fibre glass 
reinforced plastics that all fall under the label of glass-fibre reinforced pultrusion (GRP). Pultrusion 
referring to the manufacturing process (Borgmeier, 2014). 
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Figure 11: An incomplete fibre reinforced plastic rod. The fibres before pultrusion are visible in 
white, the pale blue pultruded rod can also be seen. (Borgmeier, 2014). 
 
GRP bolts have many benefits and disadvantages. The tightly woven fibres direct tensile force to the 
axis of the bolt giving GRP rock bolts a tensile force that can be higher than steel rock bolts (Borgmeier, 
2014). GRP rock bolts also have the ability to resist the aggressive chemical attack conditions found in 
mining sites (Borgmeier, 2014). Another benefit of GRP is when it is used for the mining of combustible 
materials such as coal. GRP bolts can be cut to size without creating sparks, limiting the risk of a fire 
(Borgmeier, 2014). Additionally, GRP bolts do not conduct electricity. The melting point of GRP is 
much lower compared to steel however because the heat transition is low, damage does not affect the 
entirety of the bolt. (Borgmeier, 2014)  
The disadvantages of fibre composite rock bolts include their ability to absorb shear forces, which occurs 
over time though geological movement (Borgmeier, 2014) (see Figure 7). GPR rock bolts only have 
approximately half the shear strength of its steel counterparts. GPR also have a lower torsion resistance 
and can only absorb 15-35% compared to steel bolts (Borgmeier, 2014). This is caused by the already 
twisted fibres becoming over wound. The rigidity of GRP bolts is much lower than its steel counterpart, 
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which leads to higher creep over time (Borgmeier, 2014). For these reasons GRP rock bolts are 
recommended for a short service life. The length of time is dependent on the variety and size being used 
but should be below 50 years (Borgmeier, 2014). While there are some disadvantages, research into fibre 
composite rock bolts is on-going, which helps better and improve its properties. To minimise the scope 
of this project, GRP rock bolts will not be explored further in this dissertation. 
 
Steel Rock Bolts 
The main purpose of the rock bolt is to stabilise the strata surface, and in order to do this rock bolts must 
withstand a variety of aggressive conditions (Galvin, 2016, Borgmeier, 2014). These conditions may 
include groundwater and pollutant loading, mine water flow, alkalinity of concrete, frost and thaw 
conditions, rock mineral exposure, and seawater exposure (Borgmeier, 2014). Conventionally steel rock 
bolts have been used in the mining industry for decades (Cao et al., 2012). Steel has the benefits of being 
homogenous, hard, stiff, fire resistant, easily accessible and has been comprehensively researched 
(Borgmeier, 2014). However, steel is heavy, difficult to cut without producing sparks, and susceptible 
to corrosion if protective measures are damaged (Borgmeier, 2014).  
 
2.3.2 Rock Bolt Anchorage 
Mechanical Rock Bolts 
There are several different variations to the mechanical rock bolt. What they all have in common is an 
expanding device that anchors the bolt into surrounding media, either rock or soil (Hoek, 2007, 
OEHNSWG, 2016). An example of a mechanical rock bolt can be seen in Figure 12. The benefit of 
mechanical rock bolts is that they are able to fasten to stable areas (Hoek, 2007). However, there are 
several disadvantages, the expanding device is often made from steel which is vulnerable to corrosion 
(Hoek, 2007). As with all steel rock bolts, this is often overcome by injecting grout over the bolt to 
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protect it. Another disadvantage of the mechanical rock bolt is its ability to work with soft rock, often 
the expanding device can cause more fractures in the rock, thereby decreasing the strength of the overall 
rock bolt system (Hoek, 2007). The expanding device also loses integrity in areas of high vibration 
(Hoek, 2007). Vibrations can cause the device to slowly work its way out over time reducing the systems 
lifespan (Hoek, 2007). 
 
 
Figure 12: Example of a rock bolt anchored using mechanical means (DSI, 2014). 
 
Due to time constraints, limited resources and the need to narrow the scope of this proposed project, 
mechanical rock bolts will not be investigated as part of this project.  
 
Chemically Anchored Rock Bolts 
Chemical adhesion is created by encapsulating a bolt shaft with grout (resin or cement based), which 
then adheres to both the rock bolt and the rock (Hoek, 2007). Figure 13 shows an example of a typical 
steel rock bolt used with grout. All forms of grout have bonding characteristics, this section will discuss 




Figure 13: Example of a rock bolt used with grout or resin (Dywidag Systems International 2008). 
 
A resin anchoring system is comprised of two component cartridges as seen in Figure 14. These 
cartridges are placed inside a predrilled hole. The bolt shaft is then drilled into the cartridges, breaking 
the plastic cover and activating the resin and catalyst (Hoek, 2007). The last cartridge is a fast setting 
anchor cartridge which will set within a few minutes, anchoring the bolt into place while the nut is 
tightened and tension is applied (Hoek, 2007). The tension is then locked into place by the slow setting 
resin after 30 minutes. This is a very efficient way of installing rock bolts and the high unit cost of the 
resin cartridges is offset by the speed of installation (Hoek, 2007). 
 
Figure 14: Typical set up of for resin anchored and (Hoek 2007). 
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However, there are disadvantages of resin anchoring. Most resin cartridges have a short shelf life of 
about six months and must be stored at set temperatures (Hoek, 2007). This limits the availability of 
cartridges and increases the risk of disruptions to the tunnelling progress. Another issue associated with 
resin anchorage is the risk of over drilling (Hoek, 2007). If the bolt shaft is still spinning when the resin 
begins to set, damage can occur to the resin structure, reducing its ability to anchor. Reduced anchorage 
also occurs in highly fractured rock, here the resin may seep into cracks leaving voids around the bolt 
shaft, thereby reducing surface area adhesion (Hoek, 2007). 
Resin cartridges are relatively new, and therefore there is uncertainty about its long-term integrity, 
especially in chemically aggressively environments. In these situations, it is advised that cement grouted 
rock bolts be used (Hoek, 2007). In order to minimise the scope of this project, resin anchored rock bolts 
will not be explored further.   
 
2.3.3 Rock Bolt Geometry  
Profile of Rock Bolts 
Bolt profile can be smooth or textured, textured bars can either be “thread bar” or “rebar” (Cao et al., 
2012, Benmokrane et al., 1995). If a rock bolt is smooth the resin, grout or cement will bond by chemical 
adhesion and frictional resistance (Yazici and Kaiser, 1992). If the rock bolt is textured, the resin, grout 
or cement will bond via chemical adhesion, frictional resistance and mechanical interlocking 
(Benmokrane et al., 1995, Yazici and Kaiser, 1992, Lutz, 1970, Cao et al., 2012). It has been found that 
the pull-out resistance of textured bars are significantly higher than smooth bars (Benmokrane et al., 
1995, Cao et al., 2012, Thenevin et al., 2017, Yazici and Kaiser, 1992). This increase in pull-out 
resistance for textured bars cab be attributed to an increase in normal compressive stress resulting from 
the geometric dilatancy of the bolt surface (Benmokrane et al., 1995, Yazici and Kaiser, 1992). It has 
been found that bolt profile not only plays an important role in increasing the maximum load but also 
increases the load in the post peak phase (Thenevin et al., 2017).  
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Length and Diameter of Rock Bolts 
The length of encapsulation and diameter of the rock bolt directly influences the pull-out resistance of 
the rock bolt system (Thenevin et al., 2017, Cao et al., 2012). As mentioned in Section 2.2.2, an increased 
surface area will increase the bond the rock bolt has to the surrounding grout (Hagan P, 2015). In turn, 
because this area is the most common location of failure (Chen et al., 2020, Thenevin et al., 2017, Hagan 
P, 2015, Galvin, 2016, Cao et al., 2012), the whole system will have an increased pull-out strength if the 
bolt surface area increases. 
Thenevin et al. (2017) carried out pull-out tests on three different types of rock bolts with varied 
embedment lengths and confining pressures. Their study also investigated resin and cement as grouting 
materials. The main goal was to investigate the debonding at the bolt-grout interface. It was found that 
adhesion, friction and mechanical interlock (threaded bars) contributed to the bolt-grout bond. The 
results for the above-mentioned study were compared to the results obtained for smooth stainless-steel 
bars with HA25 Rock Bolts, which concluded that bolt profile plays an important role not only in 
increasing the maximum load but also in the post peak phase. 
This project will focus on the influence of water-grout ratios and curing time, therefore all bolts used in 
experimentation will have the same diameter and the same encapsulation length. This approach will help 




In this thesis, grout refers to any type of encapsulating medium that surrounds the rock bolt. There are 
many different types of grout, and each type has its own unique physical characteristics. Grout cohesion, 
shear strength and angle of friction plays an important role in rock bolt systems (Galvin, 2016). The 
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distinction between the two needs to be clarified. Cohesion is the measure of intermolecular forces 
within cemented surfaces (Galvin, 2016). A shear load is the force required to cause sliding between 
two surfaces that are not acted upon by normal stress (Galvin, 2016). Shear strength, also known as 
friction, refers to the natural resistance force between two surfaces in a sliding motion (Galvin, 2016). 
Angle of friction on the other hand corresponds to the ratio between the shear stress required to cause a 
body to start to slide on a cohesionless surface, and the normal stress acting across the surface. (Galvin, 
2016) 
 
2.4.1 Grout Materials 
Cement Based Grout 
A cement grouted rock bolt is a bolt inserted into a hole filled with cement grout (Figure 15). Grouted 
bolts are used when installation can be carried out close to the advancing face, or in anticipation of stress 
changes during excavation or blasting (Hoek, 2007). Cement grouted rock bolts are self-tensioned when 
the rock begins to move and dilate (Kilic et al., 2002). They are widely used in mining due to their 
simplicity of installation, versatility and relatively low cost (Kilic et al., 2002). A thick grout, typically 
0.3 to 0.35 of water-cement ratio is injected into roof anchoring holes using tubes which are slowly 
pulled out as the hole fills (Hoek, 2007). If the hole is located 15° below the horizontal plane, the grout 
can simply be poured into the hole (Kilic et al., 2002). 
This project will investigate a cemented grout in varying water-cement ratios. These different water-
cement ratios will be investigated for their influence on the tensile strength of rock bolt systems. This 




Figure 15: Example of a grouted rock bolt (Hoek 2007). 
 
2.4.2 Cure time 
It is well documented in literature that grout strength increases as cure time increases (Mirza A., 2016, 
Allen and Iano, 2014, Kilic et al., 2002). Studies have found that curing time in rock bolt systems 
increases the maximum pull-out load of rock bolts (Kilic et al., 2002). Figure 16 is a plot maximum pull-
out load vs curing time. Figure 16 shows that the pull-out load increases rapidly within the first seven 
days of curing, which then plateaus to a much slower increase in pull-out load. 
As stated in Section 1.2, this thesis will investigate the influence of curing times on the pull-out load of 







As stated earlier in Section 1.2, this thesis will investigate the influence of three different water-cement 
ratios on the pull-out load of rock bolt systems in a laboratory setting. 
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Chapter 3. Methodology 
In line with the project aim and objective which are explained in Section 1.2. the Methodology Section 
will outline the materials and processes used to test the pull-out load of a rock bolt system with various 
grout properties, namely different water-cement ratios. Using the same grout properties, a uniaxial 
compressive strength (UCS) test was also conducted so that characteristics of the grout alone could be 
investigated and discussed. 
 
3.1 Risk Assessment 
A comprehensive risk assessment was carried out before any experiments were conducted. For further 
information see Appendix F – Risk Assessment. 
 
3.2 Materials and Equipment Used 
The following section will outline the materials and equipment used in both the pull-out tests and UCS 
test 
 
3.2.1 Materials and Equipment Used in the Pull-Out Test 
Materials Used in Pull-Out Test 
The following materials were used to conduct the pull-out tests 
• Grout (Stratabinder HS by Minova) (see Figure 20) 
• Steel reinforcement bars (diameter 16mm) (see Figure 21)  
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• Steel Pipe (length 50 mm, diameter 50mm) (see Figure 22) 
• Nulon Petrol Injector Cleaner as a mould release 
• Cyanoacrylate, commonly known as super glue 
• Duct tape 
 




Figure 21: Reinforcement bars, 16mm in diameter 
 
Figure 22: Steel Pipe, 50mm diameter and 50mm length 
 
Equipment Used in Pull-Out Test 
The equipment used consisted of several items including: 
• A casting base (see Figure 23): This base has a top layer of polymethyl methacrylate, 
commonly known as Perspex, with 53 mm holes evenly spaced across the board. These 
holes were cut using a Computerised Numerical Control (CNC) machine to ensure 
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accuracy. The second layer consisted of medium-density fibreboard (MDF) with a 
Melamine laminate overlay. This layer had 18 mm holes that were located directly centred 
inside the above layers’ holes. A CNC machine was used to cut these holes to ensure 
accuracy. Lastly, duct tape was used under the base to seal off the 18 mm holes. 
• Casting caps (see Figure 24): The casting caps consisted of round Perspex plates 
approximately 3 mm thick with an outer diameter of 53 mm and inner diameter of 18 mm. 
• A Tensile Testing Machine (see Figure 25): A tensile testing machine made by Measure 
Test Simulate (MTS) Insight was used to determine the pull-out load of the rock bolt 
system. 
• An Attachment (see Figure 26): An attachment was available for the tensile testing 
machine. This was made from square steel tube, a steel bolt and a nut. 
 
 





Figure 26: A sample threaded into an attachment for the tensile testing machine  
 
3.2.2 Materials and Equipment Used in UCS Testing 
Materials Used in UCS Testing 
The material used in the UCS tests consisted of only Stratabinder HS grout. 
 
Equipment Used for UCS Testing 
The equipment used for UCS testing consisted of: 
• Casts (Figure 27): Three casts made from plywood covered with a Melamine laminate 
overlay were used. These casts created cubes of grout 50 mm x 50 mm x 50mm.  
• A Compression Machine (see Figure 28): The compression machine used to determine 
the compressive strength of the grout cubes was made by Impact Test Equipment, this 





Figure 27: Cast for UCS test 
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Figure 28: Compression Testing Machine by Impact 
 
3.3 Cost Analysis of Materials Used 
Comprehensive calculations have been conducted in excel to calculate the resources needed. This 
has been done to reduce the cost of materials and to ensure minimal waste is created. Details can be 
found in Appendix E- Resource Analysis 
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3.4 Sample Design 
This section will discuss the samples designed for the pull-out tests and compression tests. 
 
3.4.1 Sample Design for Pull-Out Test 
The sample designed for the pull-out tests needed to fit two main criteria, namely: 
• It needed to mimic a typical rock bolt system found in a tunnel or rock wall, and 
• It needed to fit within the available tensile testing machine, so that the samples could be 
tested 
A cross section of the designed sample can be found Figure 29. The steel reinforcement bar and grout 
are the same materials as used in rock bolt system therefore no changes to these materials were necessary 
for it to mimic a rock bolt system. The rock that would normally be found in a rock bolt system has been 
replaced with a steel pipe. The hoop strength of the steel pipe will mimic the confining pressure the rock 
usually has on the rock bolt system. The external elements of a rock bolt system will be mimicked by 
the tensile testing machine which will create a tensile force along the shaft of the rock bolt. 
Furthermore, to fit the available tensile testing machine, the steel reinforcement bar had been cut to 250 
mm in length. 
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3.5.1 Grout Preparation 
This project will test two independent variables, namely: water-cement ratios and curing times. The 
water-cement ratio will consist of three different ratios, namely: 
• 30% water, 70% grout 
• 36% water, 64% grout 
• 40% water, 60% grout 
All water-grout ratios are withing manufactures guidelines (Minova Australia, 2018). 
The curing times investigated in this study will encompass four different timelines, namely:  
• 7 days,  
• 15 days,  
• 21 days, and  
• 28 days 
 
For the pull-out tests, each variable combination was tested three times (n=3). This approach has led to 
a total of 36 samples (3 water-cement ratios x 4 curing times x 3 samples per variable combination). 
For the UCS tests, each variable combination was tested once (n=1). 
 
3.5.2 Mixing Grout 
Batches of grout were mixed for both the pull-out and UCS tests. Due to the non-Newtonian character 
of the Stratabinder HS and water mixture, the grout and water needed to be mixed in three stages. The 




3.5.3 Casting for Pull-Out Test 
To cast samples for the pull-out test, the casting base discussed in Section 3.2.1 was used. In areas where 
the MDF could to be exposed to grout, the MDF was lightly coated with Nulon Petrol Injector Cleaner 
to ensure that the sample would separate from the base. The steel pipe was then positioned inside the 
Perspex holes and secured with a very small amount of super glue (see Figure 31).  
 
Figure 31: Casting base with steel pipe 
 
Grout was then placed or poured into the steel pipe. The grout mix with 30% water had a very thick 
consistency. To place the mixture into the steel pipes, a small spade was required to shovel it into 
position. Whereas the mixtures with 36% and 40% water were not as thick. These mixtures were poured 
directly into the prepared steel pipes.  
The reinforcement bar was then centred inside the sample (see Figure 32). This was done by ensuring 
the reinforcement bar sat in the lower hole of the base and by securing a Perspex cap to the top of the 
pipe (see Figure 24) . When the Perspex cap was placed on the steel pipe, excess grout was pushed out 
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of the pipe. This was wiped away with a cloth and duct tape was then used to secure the Perspex cap to 
the pipe. 
 
Figure 32: Samples after the casting process 
 
The cast samples as seen in Figure 32 were left to cure under dry conditions for 7 days, 15 days, 21 days 
and 28 days, respectively.  
 
3.5.4 UCS Tests 
The UCS test samples were made by placing grout into the mold. As discussed in Section 3.5.3, the 
grout mixture with 30% water had a thick consistency and required a spade to place the mixture into the 
mold. Whereas the mixtures with 36% and 40% water were not as thick. These mixtures were poured 
directly into the mold. After seven days under dry setting conditions, the samples were removed from 
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the mold. The samples that were released from the mold were allowed to cure and tested on day 7, day 
15, day 21 and day 28. 
 
 
Figure 33: UCS samples inside mold after 7 days of curing. Note that labelling refers to water content 
however a mistake has been written on the top samples. The 43 should be 40. 
 
3.6 Testing Procedure 
The follow section will describe the testing procedure for the pull-out test and UCS test. 
 
3.6.1 Procedure for Pull-Out Tests 
After curing for the designed period, all samples underwent a pull-out test, and the following procedure 
was carried out: 
• A sample identification label was written on the top and bottom grout surfaces. This 
identification label consisted of the day the testing occurred, the number of tests conducted 
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that day at that time, and the percentage of water. For example, the sample labelled 14-8-
36 was conducted on 14th August 2020, it was the 8th pull out test conducted that day and it 
had a water percentage of 36%. 
• Samples were photographed before testing, focusing on the top and bottom grout surfaces 
(see Figure 34) 
 
 
Figure 34: Photographs of sample 14-8-36 before testing.  
 
• The sample was then fitted to the tensile testing machine. The sample was threaded into the 
attachment and the bottom jaws of the tensile machine were clamped onto the attachment 
bolt. Whereas, the top jaws were camped onto the rock bolt, as seen in Figure 25.  
• The pull-out test was conducted at a rate of 1 mm/min. As the machine conducted the test, 
it recorded time, displacement and load. During the test the monitor on the machine graphed 
load vs displacement. Occasionally a high-pitched cracking sound would come from the 
sample, at this moment a drop in load would appear on the graph.  
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Chapter 4. Results – Pull-Out Tests 
The following section reports the findings and data that has been gathered during the pull-out testing 
procedure discussed in Section 3.6. 
 
4.1 Graphing Load vs Displacement for Pull-Out Tests 
All samples were graphed with load vs displacement. While the values of each sample were different, 
all samples showed a similar shaped graph. The graph has been broken down into five sections indicating 
different phases during the pull-out test (see Figure 36).  
These phases consisted of: 
1. Adjustment Phase: It is assumed that the first phase is the machine picking up any slack 
that may be between the sample and tensile testing machine attachment.  
2. Steady Load and Displacement Increase: During the second phase both the load and 
displacement increase at a constant rate. Some samples did exhibit a dramatic load decrease 
during this phase (see Figure 37), all samples where this occurred had a water content of 
30%. When the load decreased dramatically, the sample emitted a high-pitched metallic 
sound, assumed to be cracking. 
3. Plateau with Ultimate Load: In the third phase, the graph plateaus out and the ultimate 
load is reached. During this phase the sample emitted high pitched metallic sounds, 
assumed to cracking. 
4. Decrease in Load: During the fourth phase the load decreased steadily but not as constant 
as the steady increase in phase 2. 
5. Residual Strength: During the last phase the graph would plateau out again. For most of 
the samples the testing was stopped when this stage was recognised. However, one sample 





exhibited five microfractures which are highlighted by yellow arrows. All samples that had cured for 7 
days showed no signs of cracking, whereas, all other samples had microfractures before pull-out testing 
was conducted. 
 
Figure 40: Sample cured for 7 days with 36% water. No cracking visible 
 
 
Figure 41: Left: Sample cured for 28 day with 36% water. Yellow arrows point to five microfractures. 
Right: Detail of the same sample 
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4.4 Photographs of Samples After Pull-Out Testing 
Figure 42 is a collection of sample photographs taken after pull-out testing was collected. These 
photographs show that two types of cracking had occurred, namely: tangential and radial (see Figure 
42). Tangential cracking reaches from the bolt shaft to the steel pipe, whereas radial cracking forms a 
ring around the bolt shaft. All samples show both types of cracks to various degree, however, no 
correlation between grout properties and crack type is visible. 
 
Figure 42: Photographic documentation of cracking after pull-out testing 
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5.2 Photographs of Samples Before UCS Testing 
Figure 44 is a photograph of a sample before UCS testing. In particular, Figure 44 is a representation of 
all samples with 30% water, this image shows voids and layering within the sample as highlighted by 
yellow arrows. 
 
Figure 44: A UCS sample with 30% water and cured for 15 days. Yellow arrows point out voids and 
layering within the sample. 
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Chapter 6. Discussion and Future Work 
The following chapter will discuss the results and findings made during this project. This chapter will 
be broken down into two sections. Firstly, the materials, equipment and sample preparation will be 
discussed and critiqued. Secondly, the data collected from the tests will be analysed and discussed. 
 
6.1 Materials, Equipment and Sample Preparation 
The following section will discuss findings and lessons learned in regard to the materials and equipment 
used, and the preparation of samples. 
 
6.1.1 Pull-Out Tests 
Several findings were made as part of the pull-out test, and the lessons learnt were focused on the 
materials and equipment used, and sample preparation. The topics discussed below include, the plastic 
cap design, casting base design, mixing and placing of grout, profile of the reinforcement bar, and length 
of the bolt.  
The plastic cap designed to help centre the reinforcement bar (see Figure 24) was not the ideal design. 
During the casting process, grout would often overflow out of the steel pipe, this made it difficult to tape 
the cap into position. To make the plastic cap more efficient, it is recommended that the design be 
updated to the design seen in Figure 45. 
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Figure 45: Updated design for plastic cap 
The updated design does not require tape to hold the reinforcement bar in place. As seen in the cross 
section view of Figure 45, the updated cap is more tube like with a height of 50 mm.  This is designed 
to fit over the sample while it is curing. A disadvantage of the updated cap design is that it requires more 
materials and therefore will take longer to make and may cost more compared to the original. 
The casting base used to prepare the samples for the pull-out test worked well and achieved the desired 
results. However, during casting it was easy to accidently knock a sample that had already been cast. 
For this reason, for future experiments, it is recommended the samples be positioned further apart from 
each other. An updated design can be seen in Figure 46.  
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Figure 46: Updated design for casting base 
The updated design for the casting base is similar to the original design, however, as seen in Figure 46 
the samples are spaced further apart (204 mm centre to centre), and only 12 samples are on one casting 
base. A notable feature of this design is that all samples are on the edge of the base, the benefit of this is 
that no sample will be completely surrounded by other samples. This design decision was made because, 
during this research project, samples that were surrounded by other samples were more likely to be 
accidently knocked. A disadvantage of the updated casting base design is that it requires more materials 
and therefore will take longer to make, will take up more space and may cost more to make, compared 
to the original. 
During the preparation of the samples, the grout mixture with 30% water had a thick consistency. A 
small spade was used to shovel the grout into the steel pipes. The same grout batch and method using a 
spade was used in the UCS tests. As will be discussed in section 6.1.1, the UCS samples with 30% water 
consisted of defects, namely voids and layering (see Figure 44). It is assumed that the samples cast for 
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the pull-out test also held the same defects. Figure 37 shows a graph with all the samples which 
dramatically decreased in load (5 kN or more) before reaching the ultimate. The decrease in load was 
accompanied with a high-pitched metallic sound assumed to be cracking. All three of these samples 
were made using the 30% water mix. Therefore, it could be assumed that the defects created during 
casting may have caused premature cracking during pull-out testing. To avoid creating defects in the 
samples for future studies, it is advised that the samples are vibrated to remove any voids and layering 
that may occur during the casting process.  
It was found that two of the reinforcement bars used in pull-out test samples, which were cured for 28 
days, and made with a 40% water content, had a slightly different ribbing profile. This slight variation 
in profile did not greatly impact the study, however it is recommended that future projects use a more 
rigorous quality control, particularly during sample preparation. 
During the casting phase of the experiment the length of the rock bolts was 550 mm. It was then cut to 
length (250 mm) after casting. This reduction in bolt length was primarily to constraints around the 
tensile testing machine, which did not accommodate bolts that were 550 mm in length. It is believed that 
the cutting of the rock bolt would have had no influence on the grout properties, however for future 
testing it is recommended that this step occur before casting to remove any risk of damage to the samples.  
 
6.1.2 UCS Tests 
As mentioned in Section 6.1.1, samples with 30% water content appeared to have voids and layering 
(see Figure 44). The graph of the UCS ultimate load for each sample (Figure 43) does not exhibit any 
clear pattern. Furthermore, it could be hypothesised that the absence of a pattern in the ultimate load 
data collected during UCS testing could be due to the defects in the samples, namely voids and layering. 
For future projects, it is recommended that the samples be vibrated to remove voids and layers. It is also 
recommended that each sample be tested a minimum of 3 times (n=3), similar to that carried out for the 
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pull-out tests. By repeating the tests, a minimum of three times, errors and outliers can be easily 
identified and more important distinct repeatability and confidence in the data obtained will be increased.  
 
6.2 Test Data 
The following section will discuss the data collected for both the pull-out test and UCS test. 
 
6.2.1 Data Pertaining to the Pull-Out Tests 
As seen in Figure 39, the samples with higher water contend had a lower pull-out strength. It is assumed 
that this due to an increase in water particles between the cement particles, as the water evaporates over 
time air will replace the water, leaving the concrete porous (Aziz et al., 2017, Wong and Buenfeld, 2009, 
Allen and Iano, 2014). These pores offer littles structural support and therefore reduced the strength of 
the concrete sample. 
Curing time appears to have had very little influence on the average ultimate pull-out load, as seen in 
Figure 39. This was an unexpected result; it was anticipated that an increase in curing time would 
increase the strength of the sample. It is suspected that reason the pull-out strength did not increase is 
because the samples were cured under dry conditions (Allen and Iano, 2014). The lack of moisture 
resulted in the grout shrinking, which in turn caused tangential microfractures to form. These 
microfractures were evident in the photographs taken before testing, as discussed in Section 4.3 and are 
further documents in Appendix C – Photographs. It is recommended that further testing be conducted 
with various levels of atmospheric moisture during curing. It is also recommended that further research 
investigate how much moisture actually reaches rock bolts when used in various applications and/or 
setting, such as underground mines and above-ground civil projects. Furthermore, it would be prudent 
to carry out these future experiments in a controlled fashion, whereby the amount of moisture added to 
the outer surface of the rock bolt system and the amount of moisture actually surrounding the rock bolts 
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are determined, as this variable, namely moisture present during the curing process can drastically 
influence the pull-out load of the rock bolt system, as in explained in Section 2.4.3. 
The microfractures that were observed on the surface of the samples prior to pull-out testing (Figure 41 
and Appendix C – Photographs) may help us better understand and explain the cracks that form in failed 
concrete structures. Under dry conditions, it can be confirmed that the first microfractures to appear are 
tangential. However, results have shown that the pull-out test creates both tangential and radial cracking, 
as discussed in Section 4.4. This study has found that there appears to be little or no relationship between 
grout properties and the formation of microfractures on the surface of the samples. Additionally, this 
study also confirms that the formation of microfractures is solely due to a lack of hydration during the 
curing process, as explained in Sections 2.4.1, 2.4.2, 2.4.3 and 2.4.4. Future areas of study could use a 
similar procedure to further investigate how cracking forms during testing and what ultimately leads to 
the failure of a rock bolt system. 
 
6.2.2 Data Pertaining to the UCS Tests 
From the results obtained (Figure 43), there does not appear to be a clear pattern for both the curing 
times, and the water-cement ratios. The overall ultimate loads were higher at week 1, which then 
decreased and plateaued between weeks 2 and 3, with a final increase at week 4. However, due to the 
small data set, it is difficult to identify where mistakes and outliers have occurred. Therefore, it is 
recommended this experiment be repeated. It is also recommended that future UCS testing have a 
minimum of three samples (n=3) per condition. This approach will help identify the influence of water-
cement ratios and curing times on ultimate load, and will also identify a pattern, if any, with confidence 
and reliability. By producing quality UCS test data, further analysis could be carried out comparing UCS 
test results with the pull-out test results. 
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Chapter 7. Conclusions 
In conclusion, this project has investigated the influence of different water-cement ratios, and different 
curing times on the pull-out load of rock bolt systems. This objective was fulfilled by carrying out a 
comprehensive literature review and conducting a series of experiments exploring the effects of water-
grout ratios on the pull-out load of rock bolt systems, as well as conducting a series of experiments 
exploring the effects of curing time on the pull-out load of rock bolt systems. 
Quality data was collected in relation to the pull-out testing. As expected, samples with higher water 
content had a lower pull-out strength. One the other hand, curing time had little to no influence on pull 
out strength of the rock bolts. It is proposed that strength due to curing time did not occur due to micro-
fractures that appeared over time. It is assumed that these microfractures occurred due to the dry curing 
conditions and shrinkage of the grout. 
Cracking patterns produced from pull out testing showed no correlation to grout properties. However 
further testing is recommended which will help verify this hypothesis.  
Results from the twelve UCS tests conducted did not produce quality data therefore further testing is 
required before any analysis or conclusion can be made. 
Overall, despite the disappointing UCS results, this project has achieved its objectives and produced 



















Appendix G – Project Timelines 
Gantt Chart, Version 1, 26 March 2020


















































































1.1 Calculate materials needed
1.2 Order materials
1.3 Cut steel pile to required length (50mm)
1.4 Cut rebar to required length (560mm)
1.5 Book lab for casting dates
1.6 Cast 12 samples with a ratio of 0.092
1.7 Cast 12 samples with a ratio of 0.115
1.8 Cast 12 samples with a ratio of 0.138 
1.9 Store samples in allocated area
2 Laboratory Testing
2.1 On 21/7/2020 conduct day 7 pull out test on w/c ratio 0.092
2.2 On 21/7/2020 conduct day 7 pull out test on w/c ratio 0.115
2.3 On 21/7/2020 conduct day 7 pull out test on w/c ratio 0.138
2.4 On 28/7/2020 conduct day 14 pull out test on w/c ratio 0.092
2.5 On 28/7/2020 conduct day 14 pull out test on w/c ratio 0.115
2.6 On 28/7/2020 conduct day 14 pull out test on w/c ratio 0.138
2.7 On 4/8/2020 conduct day 21 pull out test on w/c ratio 0.092
2.8 On 4/8/2020 conduct day 21 pull out test on w/c ratio 0.115
2.9 On 4/8/2020 conduct day 21 pull out test on w/c ratio 0.138
2.1 On 11/8/2020 conduct day 28 pull out test on w/c ratio 0.092
2.11 On 11/8/2020 conduct day 28 pull out test on w/c ratio 0.115
2.12 On 11/8/2020 conduct day 28 pull out test on w/c ratio 0.138
3 Data analysis and write up
3.1 Review and editing of collected data
3.2 Preparation of data plots and comparisons
3.3 Write dissertation
3.4 Partial Draft Dissertation Due 9 September 2020 
3.5 Revise draft dissertation
Dissertation Submission Due 15 October 2020 
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